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ABSTRACT: 
 The electrical transport in amorphous titanium dioxide (a-TiO2) thin films deposited by 
atomic-layer deposition (ALD), and across heterojunctions of p+-Si|a-TiO2|metal substrates that 
had various top metal contacts, has been characterized by AC conductivity, temperature-
dependent DC conductivity, space-charge-limited current (SCLC) spectroscopy, electron 
paramagnetic resonance (EPR), X-ray photoelectron spectroscopy (XPS), and current density 
versus voltage (J-V) characteristics.  Amorphous TiO2 films were fabricated using either 
tetrakis(dimethylamido)-titanium (TDMAT) with a substrate temperature of 150 °C or TiCl4 
with a substrate temperature of 50, 100, or 150 °C.  EPR spectroscopy of the films showed that 
the Ti3+ concentration varied with the deposition conditions, and increases in the concentration of 
Ti3+ in the films correlated with increases in film conductivity.  Valence-band spectra for the a-
TiO2 films exhibited a defect-state peak below the conduction-band minimum (CBM), and 
increases in the intensity of this peak correlated with increases in the Ti3+ concentration 
measured by EPR as well as with increases in film conductivity.  The temperature dependent 
conduction data showed Arrhenius behavior at room temperature with an activation energy that 
decreased with decreasing temperature, suggesting that conduction did not occur primarily 
through either the valence or conduction bands.  The data from all of the measurements are 
consistent with a Ti3+ defect-mediated transport mode involving a hopping mechanism with a 
defect density of 1019 cm-3, a 0.83 wide defect-band centered 1.47 eV below the CBM, and a 
free-electron concentration of 1016 cm-3.  The data are consistent with substantial room-
temperature anodic conductivity resulting from introduction of defect states during the ALD 
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fabrication process as opposed charge transport intrinsically associated with the conduction band 
of TiO2.    
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I. INTRODUCTION 
Water oxidation to evolve O2(g) is a key process in the (photo-)electrochemical production of 
carbon-neutral fuels.  Semiconductors with band gaps, Eg, that allow substantial absorption of 
sunlight (Eg < 2 eV) typically corrode, either through dissolution or through the formation of an 
insoluble insulating surface oxide, when placed in contact with an aqueous electrolyte and poised 
at a potential sufficiently positive to drive the water-oxidation half-reaction.1  Such corrosion has 
impeded the development of fully integrated solar fuels devices that involve immersion of 
semiconductors in an electrolyte,2 and is especially rapid in the strongly acidic or strongly 
alkaline electrolytes that are compatible with efficient operation of electrochemical cells and 
with existing ion-exchange membranes.3  Coating such semiconductors with films that combine 
transparent, conductive oxides with active catalysts for the oxygen-evolution reaction (OER) has 
been shown to extend the lifetime of semiconductor anodes in aqueous electrolytes from seconds 
to hours or months,4-13 depending on the specific materials and test conditions.  
Coatings of amorphous TiO2 (a-TiO2) supporting a Ni OER catalyst provide stability against 
corrosion of technologically important n-type semiconductors including n-Si, n-GaAs, and n-
CdTe, in strongly alkaline electrolytes under water-oxidation conditions.4, 14 The relative 
alignment between the valence-band maximum (VBM) of these n-type materials and the VBM 
of n-type TiO2 (Eg ~ 3.3 eV) predicts an ~ 2 eV barrier to the transport of holes from the smaller-
band-gap material into the a-TiO2.15 Nevertheless, these heterojunction devices support high 
anodic current densities (> 100 mA cm-2).4, 14  Conduction through the a-TiO2 films has been 
shown to be essentially independent of the film thickness, with high conductance observed for 
films as thick as 143 nm; however, the interfacial conductance is strongly dependent on the top 
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contact.  Specifically, to drive anodic current densities of 50 – 120 mA cm-2, an Ir top contact 
increased the voltage required by ~ 400 mV relative to devices with Ni top contacts.4  X-ray 
photoelectron spectroscopic (XPS) data indicate a band alignment that produces rectifying 
behavior for a-TiO2 interfaces with n-Si and n+-Si surfaces, and an ohmic contact between a-
TiO2 and p+-Si.16 Ambient-pressure XPS (AP-XPS) data of p+-Si|a-TiO2 electrodes under 
potential control indicate that the addition of Ni to the surface of a-TiO2 changes the electrical 
behavior of the a-TiO2|liquid junction.  Bare a-TiO2 electrodes in contact with solution are 
‘rectifying’ for the oxidation of water or Fe(CN)64-. This rectifying behavior is also observed for 
contact between a Hg droplet and bare a-TiO2. The addition of a Ni layer to the a-TiO2 makes 
the junction ohmic, removing a large energetic barrier to conduction across the a-TiO2.17   
These data provide a detailed picture of the energetics at n-Si|a-TiO2|Ni|1.0 M KOH(aq) 
interfaces. However, the mechanism of conduction across the n-Si|a-TiO2|Ni junctions, despite 
the unfavorable band alignment energetics, remains to be elucidated.  XPS valence-band data 
show a weak peak ~ 2 eV above the valence-band maximum, suggesting the possibility of 
defect-based transport.4  However, subsequent studies have observed anodic conduction by TiO2 
films synthesized using various techniques, including crystalline films, and did not yield a 
dependence of conduction on defect states.18  For TiO2-coated photocathodes, conduction occurs 
via electron transport in the TiO2 conduction band.19-21 Such electron transport mediated by the 
conduction band has been hypothesized to be a generic mechanism applicable to photoanodes, 
with TiO2 operating as an ohmic contact to the underlying n-type semiconductor, with electrons 
being transported from solution via the TiO2 conduction band recombining with holes at the 
semiconductor|TiO2 junction.22    
Page 5 of 49
ACS Paragon Plus Environment
The Journal of Physical Chemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
  6 
 Ti3+ states (observable by electron-paramagnetic resonance, EPR and XPS valence band 
spectra) play a large role in the conductivity, light absorption, and many other properties of 
TiO2.23-30  The mechanism of facile hole conduction through a-TiO2, despite the 3.0 eV band gap 
and unfavorable band edge energetics for either electron or hole conduction from small band gap 
inorganic semiconductors has not yet been elucidated. A greater understanding of the transport 
mechanism would provide insight into the utility and mechanism underpinning the use of ALD 
a-TiO2 as a protection layer for a wide variety of photoanodes. 
We describe herein a detailed investigation of conduction across p+-Si|a-TiO2 junctions, 
including temperature-dependent DC conductivity, AC conductivity, space-charge-limited 
current spectroscopy, electron paramagnetic resonance (EPR) and X-ray photoelectron 
spectroscopy (XPS).  The experiments were designed to elucidate the mechanism of anodic 
conduction in a-TiO2 layers as well as the factors that control the observed conductivity as the 
metal contact to the a-TiO2 layer is varied.  We consequently have explored the role of defect 
states in conduction across a-TiO2 films fabricated by a variety of methods, as well as the 
importance of the energy-band positions of the Si and the top contact relative to the TiO2 band 
positions.  We have moreover applied the information gained from these studies to aid in the 
design of stable Si|a-TiO2 photoanodes with high fill factors for solar-driven water oxidation in 
contact with acidic aqueous electrolytes. 
II. EXPERIMENTAL 
A. Sample Preparation  
Materials and Chemicals 
Water with a resistivity, r, > 18 MΩ·cm was obtained from a Barnsted Millipore 
purification system and was used throughout.  All chemicals, including sulfuric acid (99.999%, 
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Sigma-Aldrich and ~ 18 M, ACS Reagent Grade, J.T. Baker), hydrogen peroxide (~ 30%, ~ 13 
M, VWR), hydrochloric acid (ACS Grade, VWR), and buffered HF (aq) (semiconductor-grade, 
Transene), were used as received, unless otherwise noted.  Two types of crystalline, single-side 
polished, Si substrates were used: p+-Si(100) (Boron-doped, r < 0.002 Ω·cm, Addison 
Engineering) and n-Si(100) (Phosphorus-doped, r = 2 – 3 Ω·cm, Addison Engineering).  
Preparation of Substrates  
The Si wafers were cleaned using an RCA SC-1 procedure that consisted of a 10 min 
soak in a 3:1 (by volume) solution made from 3 parts H2SO4 (aq) (~ 18 M) and 1 part H2O2(aq) 
(~ 13 M).  The samples were then briefly etched in a solution of buffered HF(aq) (Transene). The 
Si samples were cleaned using an RCA SC-2 procedure by soaking the samples for 10 min at 75 
°C in a 5:1:1 (by volume) solution of H2O, HCl(aq) (~ 11 M), and H2O2(aq) (~ 13 M).  The RCA 
SC-2 procedure left a thin passivating oxide layer on the Si surface. 
Atomic-Layer Deposition (ALD) of TiO2 Thin Films 
TiO2 films were grown using two different precursors, tetrakis(dimethylamido)-titanium 
(TDMAT), and TiCl4.  For TiO2 films prepared from the TDMAT precursor, a Cambridge 
Nanotech S200 or Fiji F200 ALD system was used to deposit TiO2 films onto Si wafers or onto 
Pyrex micro cover glass slides (VWR).  The defect characteristics of TiO2 were similar for films 
prepared from either reactor. Each ALD cycle consisted of a 0.10 s exposure to TDMAT (Sigma-
Aldrich, 99.999%), a N2(g) (Airgas, 99.999%) purge, a 0.015 s exposure to H2O, and a final 
N2(g) purge.  Research grade 20 sccm N2(g) was used for the N2(g) purges, and each N2(g) purge 
was 15 s in duration.  During deposition, the substrate and the TDMAT precursor were heated to 
150 °C and 75 °C, respectively, while the H2O remained at room temperature.  Most samples 
were prepared with 1500 cycles, giving a nominal thickness of 68 nm.  The thickness was chosen 
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to be consistent with previous work. At this thickness, the a-TiO2 minimizes the reflection as a 
single-layer anti-reflection coating while still providing facile electronic conduction and 
corrosion protection of the underlying photoanode.31 
TiO2 films from the TiCl4 precursor were deposited onto p+-Si substrates in a hot-wall, 
flow-tube reactor with custom-designed sequencing software.32  The precursor-gas lines were 
maintained at 110 °C whereas the precursor was maintained at room temperature.  Each ALD 
cycle consisted of a 0.20 s exposure to TiCl4 (Strem, 99%), a 45 s N2(g) purge, a 0.10 s exposure 
to H2O, and a final 30 s N2(g) purge and the N2(g) flow rate was 150 sccm.  Films were 
deposited to a predetermined thickness of ~ 60 nm at chamber temperatures of 50, 100, or 150 
°C. The film thickness and refractive index were measured via spectroscopic ellipsometry (J.A. 
Woollam Co., alpha-SE) and were fit to a Cauchy model.  
Electron-Beam Metal Deposition 
Samples were patterned via optical lithography, mounted with double-sided carbon tape, 
and pumped down to a base pressure of <10-5 Torr in an electron-beam evaporator system 
(Ångstrom Engineering Inc.).  Ti, Mg, Ni, Au, Ir, Pt and Pd were evaporated from source metals 
that were at least 4N purity.  Deposition rates ranged from 0.020 to 0.080 nm s-1, as monitored by 
a quartz-crystal microbalance.  Deposition was stopped when the film thickness exceeded ~ 35 
nm.  
Electrode Fabrication  
Electrodes were fabricated by using a scribe to cleave the e-beam deposited samples into ~ 
0.1 cm2 pieces. The samples were patterned into isolated pads for solid-state measurements or 
into islands for electrochemical measurements.  A positive photoresist, S1813 (Shipley), was 
patterned, metal pads or islands deposited, and then the photoresist was removed by gently 
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sonicating in acetone for ~ 1 min to leave the desired pattern.  Ohmic contact was made by 
scratching the back of the p+-Si or n-Si sample with an In-Ga eutectic (Alfa-Aesar, 99.999%), 
and the back contact to the sample was affixed to a Cu wire with double-sided Cu tape. The Cu 
wire was threaded through a glass tube (Corning Incorporation, Pyrex tubing, 7740 glass), and 
all but the front of the sample was encapsulated with Loctite epoxy (Hysol 9462).  After curing 
overnight, the electrode was scanned with an Epson scanner (V370) and analyzed with ImageJ 
software, to determine the area of the exposed region, which was ~ 0.1 cm-2.  
B. Conductivity Measurements 
Current density versus voltage (J-V) data were collected on solid-state samples that had 
various combinations of metal contacts on degenerately boron-doped p+-Si substrates coated 
with the a-TiO2.  The electrical data were collected using a Bio-Logic SP-200 potentiostat in a 
two-electrode setup with the working electrode lead connected to the bottom contact (Si back-
side) and the counter and reference electrode leads connected to the top contact (metal pad).  For 
electrical contact, In-Ga eutectic was scratched onto the back of the Si as well as onto the top 
side of the double-sided Cu tape that had been affixed to a glass slide for structural support.  J-V 
data were collected at 100 mV s-1, starting at an applied bias of 0 V versus the counter electrode. 
Temperature-Dependent Conductivity 
The substrates for the measurements were p+-Si wafers coated with 1500 cycles (~ 68 
nm) of ALD a-TiO2 that was then patterned with Ni islands.  During the variable temperature 
measurement, the samples were loaded into a Janis CCS-100/204N cryostat, and J-V data were 
obtained from 10 to 310 K using an Agilent B1500A semiconductor-device analyzer with 
medium-power source-measurement modules as well as atto-sense and switch units for high-
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resolution current sensing.  The conductivity was obtained by fitting the measured resistance data 
to a computational model using the AC/DC module in COMSOL Multiphysics software.   
For resistance measurements from 180 K to 300 K, the samples were loaded into another 
cryostat.  In both temperature-dependent measurements, the temperature of the sample was 
controlled using a Lake Shore auto-tuning temperature controller with a Si diode temperature 
sensor placed in thermal contact with the sample. 
Potential-Dependent Conductance Measurements on Electrochemical Field-Effect Transistors 
(EC-FET)  
The conductance of a-TiO2 films in contact with an electrolyte solution was measured 
with interdigitated electrodes (IDE) in an electrochemical field-effect-transistor configuration 
(EC-FET).33-34 The substrates for the measurements were clean glass microscope slides that had 
been lithographically patterned with 224 interdigitated Ti fingers of 20 µm ´ 2 mm ´ 100 nm 
(width ´ length ´ thickness).  Alternate fingers were spaced 20 µm apart from one another.  The 
substrate had 1500 cycles (~ 68 nm) of a-TiO2 deposited via ALD.  The front contacts were kept 
free of deposited material by use of a glass slide as a physical mask.  The conductance of the a-
TiO2 in contact with 1.0 M H2SO4(aq) was measured using a BioLogic SP-300 bipotentiostat that 
allowed control of the potential of each electrode (channels) of the IDE array independently with 
respect to the reference electrode in the solution.  Both channels were set to the desired gate 
potential (Vgate), and the capacitance current was allowed to decay for 30 s, to establish the 
electron occupancy in the film and to set the potential of the film relative to the reference 
potential.  The potential of channel 2 was then offset by ± 25 mV with respect to channel 1, and 
the source-drain potential (VSD) was varied in 10 mV increments.  Under the conditions 
investigated, the source-drain current (ISD) was proportional to VSD, allowing an estimate of the 
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film conductance as a function of Vgate.  Vgate was varied across the potential range between the 
onset of accumulation and deep depletion.  The film conductivity was calculated using an IDE 
cell constant, KIDE, of 0.045 cm-1, which was estimated from the geometry of the IDE35 using eq 
1: 
       (1) 
where s is the spacing between the electrode digits (20 µm), w is the width of the electrode (20 
µm), l is the length (2 mm), and n is the number of digits (224).  This process produced a cell 
constant of Kide = 0.045 cm-1.   The measured conductance, Gecfet, was converted to units of 
conductivity by use of eq 2: 
  (2) 
C. Physical Characterization of a-TiO2 
Electron Paramagnetic Resonance Spectroscopy 
Electron paramagnetic resonance (EPR) spectra were collected at 77 K using a Bruker 
EMX X-band continuous-wave spectrometer.  Data were collected for samples in liquid N2 in a 
finger Dewar.  Samples were prepared by depositing 1500 ALD cycles of a-TiO2 onto VWR 
micro-cover glass slides (0.15 ± 0. 02 micron thick).  The slides were then diced into 2×2 mm2 
pieces using a Dynatex GST-150 scriber-breaker.  The diced samples were then placed in EPR 
tubes.  
Due to sample variations, all of the TiO2 (50 °C, 100 °C, 150 °C TiCl4 and TDMAT) films 
were of slightly different thickness as measured by ellispometry. To ensure a uniform amount of 
TiO2 was maintained between samples, the total area was varied. For instance, if the TDMAT 
 
K
ide
=
2 s
w( )
1
3
l n−1( )
 σecfet = K ideGecfet
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and 50 ºC TiCl4 TiO2 had a thickness of 68 and 62 nm, respectively, then the area ratio of 
TDMAT:50 ºC TiCl4 TiO2 was adjusted to 1.0:1.1, to ensure an equivalent amount of TiO2. 
Photoelectron Spectroscopy 
X-ray photoelectron spectroscopic (XPS) data were collected on ALD-deposited a-TiO2 on 
p+-Si using a Kratos Axis Ultra system with a base pressure of 1×10-9 Torr.  The x-ray source 
was a monochromatic Al Kα line at 1486.6 eV.  Photoelectrons were collected at 0° from the 
surface normal with a retarding pass energy of 160 eV for survey XPS scans, 10 eV for high-
resolution core levels, and 20 eV for valence-band XPS scans.  
Work function measurements were performed using He I ultraviolet photoelectron 
spectroscopy (UPS) on the Kratos Axis Ultra system. A pass energy of 5 eV was used in 
conjunction with an aperture of 110 µm.  Prior to the measurements, pure metal samples 
(>99.99%) were sputter cleaned for 30 min with 4 kV Argon Ions. The work function (fWF) was 
calculated from the measured spectra on a kinetic energy scale using eq (3): 
 𝜙WF = 𝐸&'(,*'+& − 𝐸F,	meas + 21.21 (3)  
where Esec, meas and EF, meas are the measured energy of the secondary electron cutoff and the 
Fermi energy, respectively, and 21.21eV is the photon energy for He I excitation. The secondary 
electron cutoff and Fermi energy were obtained by calculating the intercept of a linear fit of the 
steep electron cutoff to that of the background and by fitting a Fermi distribution to the valance- 
band maximum, respectively. 
Secondary-Ion Mass Spectroscopy  
Secondary-ion mass spectroscopy (SIMS) data were collected on a Cameca SIMS-7f GEO. 
A 100 µm × 100 µm area of the sample surface was ionized and sputtered by a 7 keV Cs+ 
primary ion beam with no substrate biasing.  A mass spectrometer collected and analyzed the 
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ejected secondary ions.  The count rates of 30Si, 48Ti, 12C + 133Cs and 14N + 133Cs were collected 
as a function of sputtering cycle. SIMS data were collected for all TDMAT and TiCl4 a-TiO2 
films. 
Attenuated Total Reflection Infrared Spectroscopy 
Attenuated Total Reflection Infrared Spectroscopy (ATR-IR) spectra were collected using 
a Thermo Scientific Nicolet 6700 optical spectrometer equipped with thermoelectrically cooled 
deuterated L-alanine-doped triglycine sulfate (DLaTGS) detector, electronically temperature-
controlled (ETC) EverGlo mid-IR source, N2(g) purge, KBr beam splitter, and diamond ATR 
crystal single-reflection Smart-iTR accessory. After data collection, spectra for ALD films on 
glass substrate were corrected using pristine glass as the background. Air was used as 
background for ALD films deposited on silicon substrate. In addition, the baseline was flattened 
when needed. TIRS data collection and processing was performed using OMNIC software 
v.9.2.41. 
D. Electrochemical Characterization  
Electrochemical data were obtained using a BioLogic SP-200 potentiostat in a three-
electrode configuration with 1.0 M H2SO4(aq) as the electrolyte.  A carbon rod (Strem 
Chemicals, 99.999%) was used as the counter electrode, and a Hg/HgSO4 electrode (Gamry 
Instruments) was used as the reference electrode.  An ELH-type tungsten-halogen lamp provided 
light that passed through a quartz diffuser to reach the Pyrex electrochemical cell.  The 
illumination intensity was measured by a Si photodiode (Thorlabs) and the light intensity was 
adjusted to produce the same current on the photodiode as was produced by illumination with 
100 mW cm-2 of Air Mass 1.5 sunlight.  Cyclic voltammetric data were collected at a 40 mV s-1 
scan rate. 
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III. Results  
A. Work Functions of the Metals 
Figure S1 shows representative work function measurements by UPS for Ni, Pd, Pt, Ir and 
Au.  The spectra allowed determination of the work functions for these polycrystalline metals 
(purity >99.99 %) as: 5.09 ± 0.4, 5.27 ± 0.2, 5.56 ± 0.07, 5.32 ± 0.2, and 5.05 ± 0.3 eV for Ni, 
Pd, Pt, Ir, and Au, respectively. These work function values are in good agreement prior work 
function measurements on polycrystalline metals.36-38 The work functions of Mg and Ti were 
taken to be 3.66±0.2, and 4.33±0.2 eV, respectively.36  
B. Conductivity of p+-Si|a-TiO2|metal Devices  
J-V Characteristics of p+-Si|a-TiO2|metal Devices  
Figure 1 shows representative solid-state J-V characteristics for p+-Si|a-TiO2|metal devices 
with a-TiO2 grown on the p+-Si substrates via 1500 ALD cycles using a TDMAT precursor and 
substrate temperature of 150 °C.  The ALD procedure yielded ~ 68 nm thick a-TiO2 films. The 
J-V characteristics showed ohmic (linear) behavior at biases < 50 mV.  Figure S2 shows the 
normalized differential conductance as a function of applied bias for a p+-Si|a-TiO2|Ni device, 
which is consistent with behavior typical of dielectric films.39 40     
The current density passed as a function of applied bias depended on the top contact, 
Figure 1, with devices having Ti, Mg or Ni top contacts behaving almost mutually identically, 
especially at low biases. At the same applied bias, devices with Au, Ir, Pt or Pd top contacts 
passed ≤ 10% of the current densities of devices having Ti, Mg or Ni as a top contact.  For 
example, at an applied bias of 0.1 V, devices with Ti, Mg, or Ni top contacts passed current 
densities of ~ 60 mA cm-2, as compared to the current densities passed by devices with Au (8.7 
mA cm-2), Ir (5.5 mA cm-2), Pt (3.6 mA cm-2), or Pd (1.5 mA cm-2) contacts.  Compared to 
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devices with Ti, Mg or Ni top contacts, the devices with Au, Ir, Pt or Pd top contacts required an 
additional 90 – 250 mV of bias to pass current densities of 10 mA cm-2, as well as an additional 
150 – 330 mV of bias to pass current densities of 30 mA cm-2.  The conductivities at low applied 
biases (< 50 mV) were determined from linear fits of the data (Figure 1).  The contact 
resistances were determined by transmission line measurements, and the compensated voltages 
between different metal contacts were measured for all devices (Table S1).  Although the 
contact resistance increased as the work function of the metal increased, the metals with the 
higher work functions yielded sufficiently low current densities that the total voltage 
compensation would not create a noticeable change in the J-V behavior over the measurement 
range depicted in Figure 1. 
Figure 1. Current density (J) vs applied bias (V) for solid-state p+-Si|a-TiO2|metal devices.  The 
a-TiO2 was ~ 68 nm thick.  The devices were tested in a two-electrode configuration, and the 
bias was applied across the device using the p+-Si side as the working electrode and the metal 
side as the counter electrode. 
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Table 1. Conductivities for the devices with varied metal contacts as determined from a fit of the 
J-V behavior in the low-bias regions.  At least 5 samples with each metal were tested, and error 
estimates represent one standard deviation.   
 
 
 
 
 
 
Space-Charge-Limited Current (SCLC) Spectroscopy  
Figure 2a shows a plot of the J-V characteristics for a p+-Si|a-TiO2|Pt device, extended to 
5 V of applied bias. At ~ 5 V, the current increased abruptly, consistent with a space-charge 
limited current in the trap-free regime.41-44   Figures S3a-c show similarly extended J-V 
characteristics for devices with Au, Ir or Pd contacts. The number of traps, the majority charge-
carrier mobility, and the charge-carrier concentration were calculated from the threshold voltages 
for trap filling, the J-V behavior in the trap-free regime, and the J-V behavior in the ohmic 
regime, respectively, according to eqs 4–6:41-44 
 
 𝑉78 = 𝑞𝑁7𝐿<𝜀>𝜀  (4) 
 𝐽78 = 9𝜀𝜇𝑉<8𝐿C  (5) 
 𝐽D = 𝑞𝑛µ𝑉𝐿  (6) 
Top Contact Conductivity (S cm-1) Work Function (eV) 
Ti (85 ± 18) ´ 10-5 4.33 ± 0.20 
Mg (85 ± 1.2) ´ 10-5 3.66 ± 0.20 
Ni (95 ± 4.0) ´ 10-5 5.09 ± 0.39 
Au (13 ± 1.7) ´ 10-5 5.05 ± 0.30 
Ir (4.0 ± 1.6) ´ 10-5 5.32 ± 0.18 
Pt (8.3 ± 1.8) ´ 10-5 5.56 ± 0.07 
Pd (2.3 ± 0.45) ´ 10-5 5.27 ± 0.18 
Page 16 of 49
ACS Paragon Plus Environment
The Journal of Physical Chemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
  17 
where VTF is the threshold voltage for trap filling, JTF is the current density in the trap-free 
region, JW is the current density in the ohmic region, q is the absolute charge of an electron, NT is 
the trap density, L is the thickness of the sample, 𝜀> is the permittivity of free space, e (= 112) is 
the dielectric constant of TiO2, µ is the mobility of the majority carriers, and n is the mobile 
charge-carrier density. The calculated trap densities, mobilities, and effective mobile charge-
carrier densities for p+-Si|a-TiO2|metal devices with various metal top contacts are tabulated in 
Table S2. 
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Figure 2.  a) J-V characteristics of a solid-state p+-Si|a-TiO2|Pt device, extended to applied 
biases > 5 V.  The a-TiO2 was ~ 68 nm thick.  The inset is a plot of the crossover into the trap-
filled regime. Linear regressions are shown for the ohmic region at low bias (blue dashed line), 
and the trap-filled space-charge-limited regimes (red dashed line in the inset). b) Concentration 
of trap states for devices with top contacts to high-work-function metals. c) Calculated free-
carrier concentrations for varied metal top contacts.  
 
Figure 2b shows the dependence of the number of traps measured by SCLC spectroscopy 
on the work function of the top contact used for the p+-Si|a-TiO2|metal device.36, 45-46 The 
number of traps measured by SCLC decreased only slightly as the work function of the top 
contact increased. For low-work-function metals, the trap concentration could not be measured 
before the voltage limits of the potentiostat were reached, implying trap densities > 1.5 ´ 1019 
cm-3. 
Figure 2c shows the variation of the calculated free-carrier concentration for each metal 
contact as a function of the work function of each metal.  The free-carrier concentration was 
calculated by using the value of the mobility found in the trap-free regime (eq 5) with a Pt 
contact (6.5 ± 3 ´ 10-4 cm2 V-1 s-1), in conjunction with the slopes of the ohmic regions for the 
various top contacts, according to eq 6.  Below a work function of ~ 5.2 eV, the (averaged) 
carrier concentration was essentially independent of the work function of the top metal contact, 
Hall measurement from Hu et al.
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whereas for a work function > 5.2 eV, the (averaged) free-carrier concentration becomes 
dependent on the work function and thus decreased by 101 – 102 cm-3.  Although the mobility is 
not a constant for different dopant concentrations, the mobility was approximated to be 
independent of the free-carrier concentrations. This approximation is in agreement with the free-
carrier density measured previously by Hall measurements with In contacts (Figure 2c).4 In 
addition, the mobility measured is in agreement with the predicted mobility of 2 ´ 10-4 cm2 V-1 s-
1 by Pham et al using DFT+U methods.47 
AC Conductivity 
Figure 3 shows the AC conductivity as a function of frequency for a p+-Si|a-TiO2|Ni device at 
room temperature and under an applied bias of 300 mV.  The conductivity of the sample was 3.0 
´ 10-6 S cm-1 for frequencies ≤ 105 Hz, and increased exponentially at frequencies > 1 ´ 104 Hz.   
  
 
Figure 3.  AC conductivity of a solid-state p+-Si|a-TiO2|Ni device measured in a two-electrode 
configuration with a bias of 300 mV applied between the p+-Si side and the Ni side of the device.  
The blue line shows a fit of the frequency-dependent region of the data to a power-law model, 
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𝜎 𝜔 = 	𝜎IJ + 𝐴𝜔L, where 𝜎IJ  = 9.9 ´ 10-17 S m-1, A = 2.96 ´ 10-6 S m-1, and s = 1.95.  
 Temperature-Dependent Conductivity of Ni|a-TiO2|Ni Devices 
 Figure 4 shows the conductivity as a function of temperature for a Ni|a-TiO2|Ni through-
layer device in which the thickness of the a-TiO2 layer was 68 nm, measured at temperatures 
between 10 K and 310 K.  The data showed two regions, each with an Arrhenius-type 
exponential temperature dependence. Activation energies for charge transport were calculated 
from the slopes of the linear fits.  The model yielded an activation energy for charge transport at 
temperatures in the 250 – 310 K range of 350 ± 15 meV, which is substantially larger than the ~ 
7 meV activation energy calculated for charge transport at temperatures in the 100 – 125 K 
range.  The activation energy continuously decreased as the temperature decreased. 
 
Figure 4.  Temperature-dependent conductivity of a Ni|a-TiO2|Ni device in which the thickness 
of the a-TiO2 layer was 68 nm. The inset shows the same data for the 100 – 310 K temperature 
range; the blue and red dashed lines are linear fits of the data for temperatures in the range of 250 
– 310 K, and 100 –125 K ranges, respectively.   
Potential-Dependent Conductivity of a-TiO2  
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Figure 5 shows the dependence of the conductivity on the gate potential (Vgate) for an a-
TiO2 film with Ti contacts in the EC-FET configuration in contact with 1.0 M H2SO4(aq), which 
allowed the conductivity of the TiO2 to be measured as a function of the potential, or Fermi 
level, of the gate electrode.  Vgate was referenced against a reversible hydrogen electrode (RHE) 
and was varied across a potential range relevant to water splitting (-0.4 to +1.75 V versus RHE).  
The data showed a sharp increase in conductivity as Vgate became more negative than -0.3 V 
versus RHE, indicating a sharp increase in electron transport in the conduction band. At these 
potentials the TiO2 is in accumulation. At more positive potentials, the conductivity showed a 
weak dependence on Vgate, and decreased by ~ 1% over a range of 2 V.  These data suggest the 
presence of a finite density of states at potentials extending for >2 eV below the TiO2 
conduction-band edge. These results generally agree with data for Si|a-TiO2 and Si|a-TiO2|Ni 
samples observed under electrochemical conditions in 1.0 M KOH(aq). The Si|a-TiO2 showed a 
flat-band potential of -0.9 vs Ag/AgCl, i.e. +0.1 V versus RHE, whereas the Si|a-TiO2|Ni sample 
showed Fermi-level pinning over a broad potential range (0 to 1.4 V versus RHE).17, 48    
The conductivity measured for a-TiO2 using the IDE in 1.0 M H2SO4(aq) was 1.17 ± 0.45 ´ 
10-5 S cm-1, with three samples measured (Table S3). Measurements made in air using one of the 
IDEs used in the EC-FET experiments showed a dry conductivity equal to that for the electrode 
in contact with the electrolyte, suggesting that the IDE electrode was unaffected by immersion in 
the electrolyte, and indicating negligible electrolyte-induced effects on the conductivity.  
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Figure 5.  Conductivity of a-TiO2 as a function of the gate voltage (Vgate) applied to 
interdigitated contacts covered by 1500 cycles (approximately 68 nm) of a-TiO2.  
 
C. Effects of ALD Process on Physical Characteristics of ALD a-TiO2  
J-V Characteristics of p+-Si|a-TiO2|Ni Devices 
Figure 6 shows the J-V characteristics of p+-Si|a-TiO2|Ni devices, with the a-TiO2 films 
prepared via ALD using either a TDMAT precursor with the substrate held at 150 ºC or a TiCl4 
precursor with the substrate held at 50, 100 or 150 °C.  Films deposited from TDMAT at 150 °C 
or from TiCl4 at 50 or 100 °C had undetectable levels of crystallinity, whereas small fractions of 
crystallinity were detected from films prepared at 150 °C, as measured by Raman spectroscopy 
and glancing incidence X-ray diffraction (Figures S4a,b).49-50 In addition, the main phase of the 
films were probed by FTIR. No evidence was found to support the presence of H2TiO3 in the 
films deposited on glass and Si (Figures S5a,b). 
All of the TiO2 devices exhibited ohmic regions at low biases, however for the same 
applied bias, the TDMAT-TiO2 film passed a more than an order of magnitude higher current 
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density than the least resistive TiCl4-TiO2 film. The conductivities of the TiCl4-TiO2 films 
increased with growth temperature. The mobilities of the various TiO2 films were calculated 
according to eq 5, and the free-carrier concentrations were calculated using eq 6.  The free-
carrier concentrations for the TiCl4-TiO2 films were smaller by one to three orders of magnitude 
than that of the TDMAT film.  
 
Figure 6. a) J-V characteristics and b) free-carrier concentrations calculated for various TiO2 
films grown on p+-Si substrates and contacted with Ni.  The film grown from TDMAT at 150 °C 
was ~ 68 nm thick; the films grown from TiCl4 were ~ 60 nm thick and were grown at varied 
temperatures of 50, 100, or 150 °C. 
 
Valence-Band Spectra 
Figure 7a shows the XPS valence-band spectra for an a-TiO2 film prepared by ALD 
using a TDMAT precursor at 150 °C.  The observed signal was in accord with previously 
reported valence-band spectra of identically prepared a-TiO2.4, 18  After a Shirley background 
was subtracted, the spectra showed a peak centered at 1.07 ± 0.07 eV with a full width a half 
maximum, FWHM, of 0.83 eV.  Using the previously determined position of the Fermi level in 
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TiO2 as 0.40 eV below the CBM, the defect band was centered at 1.47 eV and extended from ~ 1 
– 1.9 V below the CBM, i.e. from ~ 0.6 – 1.5 eV below the Fermi level.16  Previous analysis has 
located the center of the defect band at ~ 1.34 eV below the CBM, with a FWHM of 0.83 eV, 
consistent with the results described herein.16 
Figure 7b presents the valence-band spectra of ALD-TiO2 films prepared using different 
precursors and growth temperatures.  All of the valence-band spectra showed a peak at 1.07 ± 
0.07 eV, with mutually similar FWHMs. The TDMAT-TiO2 film exhibited the largest valence-
band signal, while the TiCl4-TiO2 films exhibited weaker signals that increased with growth 
temperature.  The relative peak intensities (normalized to the largest signal) were 0.62 ± 0.2, 0.69 
± 0.2, 0.71 ± 0.3 and 1 ± 0.6, for the TiCl4-TiO2 films grown at 50 °C, 100 °C, 150 °C, and 
TDMAT-TiO2, respectively.  
 
   
Figure 7. a) X-ray photoemission spectra (without background subtraction) for the valence band 
of a-TiO2 grown via ALD using a TDMAT precursor at 150 °C.  b) Comparison of the X-ray 
photoemission valence-band spectra of ALD a-TiO2 films grown using a TDMAT precursor at 
150 °C, or a TiCl4 precursor at 50 °C, 100 °C or 150 °C.  
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Electron Paramagnetic Resonance Spectroscopy  
Figure 8 compares the EPR spectra for the various ALD-TiO2 films. The isotropic g-
values extracted from the spectra were 1.939 and 2.000.  The broad signal at 1.939 is consistent 
with the presence of Ti3+ since the signal is within the range of previously reported g-values, g = 
1.92 to 2.00, for Ti3+ sites.51-56  The TDMAT-TiO2 films exhibited a substantially larger Ti3+ 
signal than the TiCl4-TiO2 films.  The TiCl4-TiO2 films grown at 150 °C and 100 °C exhibited a 
detectible signal for Ti3+, while the TiCl4-TiO2 grown at 50°C showed no appreciable Ti3+ signal.   
The signal at 2.000 observed in the spectra for 150 °C TiCl4-TiO2 film is attributable to 
either the variations of impurities within the glass substrate or electrons trapped at oxygen 
vacancy sites.26, 57 The sharpness of the signal as well as appearance at g-values greater than the 
broad Ti3+ signal is consistent with the electrons trapped at oxygen vacancy sites. Additional 
control experiments showed that only a decrease in the signal at this g-value was observed with 
the substrate-only and EPR silent Al2O3 signal, as can be seen in Figure S7a. The same decrease 
was present in all other TiO2 films but was not observed in the background (cavity-only) signal, 
which had no prominent features.  
In addition, EPR measurements were performed at various angles of rotation. No shift 
was observed when the TDMAT a-TiO2 sample was rotated within the EPR instrument. This 
result is expected as a-TiO2 samples have an amorphous structure and the samples are 
macroscopically arranged randomly in the EPR tube. The results of the control experiments are 
presented in Figure S7b. 
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Figure 8. a) Electron paramagnetic resonance (EPR) spectroscopy for a-TiO2 films grown via 
ALD using a TDMAT precursor at 150 °C, or a TiCl4 precursor at 50 °C, 100 °C or 150 °C. b) 
EPR spectra rescaled to show the detail of the smaller peaks.  The background spectrum includes 
the EPR tube and the glass substrate. 
D. Application to Photoelectrochemical Water Oxidation in Acidic Aqueous Electrolytes  
Figure 9 shows the voltammetric behavior of non-photoactive p+-Si|a-TiO2|Ir anodes and 
n-Si|a-TiO2|Ir photoanodes under 1 Sun illumination in 1.0 M H2SO4(aq).  The Ir was deposited 
on the a-TiO2 as catalytic islands 3 µm in diameter on a 7 µm pitch.  The Ir islands were 35 nm 
thick, and were deposited either directly on the a-TiO2 or onto 35 nm of Ti on the a-TiO2.  Ti 
was selected as an intermediate contact because p+Si|a-TiO2 devices with Ti contacts had 
exhibited high conduction relative to devices with Ir contacts. The samples with the Ti 
interconnect performed substantially better than those without the Ti interconnect, as evidenced 
by a reduction in the overpotential required to reach 10 mA cm-2 of current density of 280 mV 
for the Ti|Ir n-Si devices and of 460 mV for the Ti|Ir p+-Si devices.   
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Figure 9. Cyclic voltammetry of non-photoactive p+-Si|a-TiO2 anodes and n-Si|a-TiO2 
photoanodes in contact with 1.0 M H2SO4.  The samples were p+-Si and n-Si substrates coated 
with 1500 ALD cycles of a-TiO2 onto which metal-island top contacts were deposited.  The 
metal top contacts to the a-TiO2 layer were 35 nm thick islands of Ir, 3 µm in diameter pitched 7 
µm apart, deposited either directly on the a-TiO2 or onto a 35 nm thick Ti island interconnect. 
The CV sweep was conducted in the dark and 1 sun illumination for p+-Si and n-Si, respectively, 
from 1.1 V vs RHE to 2.5 V vs RHE at scan rate of 40 mV s-1.  
IV. Discussion  
A. Identity and Position of Defect States in ALD a-TiO2 
 The valence-band spectra for a-TiO2 deposited via ALD showed a small peak within the 
band gap of the TiO2, centered at 0.94 eV below the Fermi level.18, 39  The band had a FWHM of 
0.83 eV, indicating that a wide energy band exists within the band gap.  Defect bands in TiO2 
have been observed both for amorphous films grown by ALD as well as crystalline films grown 
by various methods.58-64 The bands have been associated with oxygen and/or other defects on the 
surface of the TiO2. Oxygen vacancy sites are often implicated and have been observed by 
TEM.59 The defect band has been correlated with the introduction of imperfections into the 
crystal. 47, 65 Oxygen vacancies would provide doping and produce Ti3+ sites by the trapping of 
free electrons into localized Ti–O octahedra with an oxygen vacancy.66  Theoretical calculations 
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favor oxygen vacancies as the structural origin of the defect sites, and calculations moreover 
have been used to calculate conduction by small polaron hopping.47, 67-70 
 Oxygen defects and Ti3+ sites dominate the physical and chemical properties in TiO2.64, 66, 
68, 71-76 The bulk structure of reduced crystalline TiO2-x contains defects of doubly charged 
oxygen vacancies, interstitial titanium defects, and other defects.77 The defects vary with the 
amount of the oxygen deficiency23 and vacancies on the surface have been imaged by scanning 
tunneling microscopy.77-78 The number of vacancies can be controlled by the method of 
annealing, and surface vacancies can be healed by dosing with oxygen.23 Additionally, self-
doping of TiO2 from oxygen vacancies yields Ti3+ sites.28  
ALD TiO2 grown at substrate temperatures < 300 ºC has been shown to be amorphous 
when annealed below 350 ºC but becomes crystalline when annealed above 350 ºC.79-80 XPS 
studies of ALD a-TiO2 have observed both a Ti3+ shoulder on the Ti 2p core level, and a small 
shoulder on the O1s spectra that is assigned to -OH groups on the surface.62-63 Both normal and 
resonant valence band spectra show a peak at ~ 1 eV below the Fermi level that is due to 
titanium and attributable to Ti3+ states. The band is much weaker in crystalline TiO2.63     
XPS depth profiling was forgone because the Ti 2p XPS spectrum is heavily altered after 
Ar ion bombardment. Oxygen is preferentially removed thus reducing the TiO2. The reduced 
states observed in the spectrum generated from the Ar ion bombardment are thus not an accurate 
representation of the underlying composition of the TiO2.81. Instead we focused on angle 
dependent XPS spectroscopy where with increased electron emission angle Q to the surface 
normal the inelastic mean free path for electrons is reduced. The values for Al Ka radiation are 
given in Table S4. 
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The concentration of the defect states (and Ti3+ states) has been investigated by angle 
dependent XPS.17 No change in Ti 2p core level and defect band were detected. However, with 
increasing surface sensitivity a shoulder at 532.5 eV at the O 1s core level (attributed to 
dumbbell di-oxygen species, OH-groups and/or to reconstruction of the TiO2) was visible which 
increased in intensity with increased Q. Here, we performed scans for Q=0 and 70 with 
improved signal to noise ratio which are shown in Figure S8. Again, no difference between bulk 
or surface sensitive spectra could be observed indicating no surface re-oxidation of the defect 
band. 
EPR spectra provided direct evidence of Ti3+ within the bulk a-TiO2 films (Figure 8). 
The correlation between the strength of the Ti3+ signals in the EPR spectra and the strength of the 
defect-band peaks in the XPS valence-band spectra supports the assignment of the defect peak in 
the XPS valence-band spectra to localized Ti3+ sites.  The films are amorphous, so the Ti3+ sites 
can be expected to show a dispersion in energy due to differences in Ti–Ti and Ti–O bond 
lengths,82 consistent with the wide peak (FWHM = 0.83 eV) observed for the defect band.  
The Ti3+ sites in the ALD a-TiO2 films were however not directly detectable by XPS.4, 18  
Hence, either the concentration of Ti3+ sites near the surface is below the detection limit of XPS, 
or such sites may not be present on the surface of air-exposed samples due to oxidation of Ti3+ in 
the presence of water and air.4, 53-54  The oxidation of surface Ti3+ sites would likely create a 
surface layer that is more resistive than the bulk of the film, consistent with the low conductance 
values measured when non-penetrative, soft contacts (e.g. Hg droplet or liquid electrolyte 
contacts) were made to the ALD-TiO2 films.  Deposition of metal contacts by electron-beam 
evaporation or sputtering would thus allow low-resistance contacts to be made to the ALD-
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TiO2,4, 16 consistent with expectations for penetration of a native resistive surface layer on these 
a-TiO2 films.   
The J-V behavior for p+-Si|TiO2|Ni devices formed with TiO2 from varied ALD processes 
shows that conduction through films of ALD a-TiO2 is not limited to films produced from 
TDMAT, although the conductivity of a-TiO2 formed using TDMAT is greater than for films 
formed using TiCl4.  Increases in the conductivities of the films correlated with increases in the 
strengths of the EPR signals for Ti3+ as well as with increases in the amplitude of the defect peak 
in the valence-band spectra.  In combination, these data suggest that Ti3+ sites are important 
contributors to the conductivities of the films. 
Previously, the high conductivities of TDMAT-TiO2 films were hypothesized to directly 
arise from an increased density of C and N impurities.4, 18 The C and N impurities were measured 
for all films (TDMAT, 150 ºC, 100 ºC and 50 ºC TiCl4 films) via SIMS, which revealed very 
similar concentrations of C and N impurities in all of the samples despite the large range in 
observed film conductivity. The C and N impurities thus appear to be independent of the 
precursor and preparation of the a-TiO2 film, unlike the concentration of Ti3+ sites. The 
normalized SIMS spectra for C and N are displayed in Figure S10. 
B. Conduction through the a-TiO2 Bulk  
Temperature-Dependent Conductivity 
The temperature-dependent conductivity for temperatures > 250 K of Ni|a-TiO2|Ni 
layered stacks showed Arrhenius-type behavior, with an activation energy of 350 meV and a 
prefactor of ~ 0.4.  The observed activation energy suggests a Marcus type of reorganization 
energy of 1.4 eV.83 A transition was observed from Arrhenius-type behavior in the high-
temperature limit (> 250 K) to temperature-independent tunneling type behavior at low 
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temperatures (< 50 K).  Similar behavior has been observed with NiO.84  In addition, analogous 
behavior has also been observed for sputtered TiO2 films, even though the sputtered TiO2 films 
had 3–4 orders of magnitude higher conductivities than the a-TiO2 films produced herein.85-86  
For crystalline rutile and anatase TiO2, small-polaron or variable-range hopping between Ti3+ 
sites and adjacent Ti4+ sites is most commonly thought to be the primary conduction mechanism, 
and theory has been used to model small-polaron hopping in both crystalline and amorphous 
TiO2.47, 58, 70, 87-89  Pham et al. have used DFT+U methods to calculate a reorganization energy for 
charge transfer between Ti3+ and Ti4+ sites in a-TiO2 of 1.14 eV, while Deskins and Dupuis have 
used similar methods to estimate an activation energy for polaron hoping in both rutile and 
anatase TiO2 of ~ 0.3 eV.47, 75 Both estimates are consistent with the results reported herein.47  
Assuming that the density of Ti3+ sites is equal to the measured trap-site density (~1019 cm-3) 
yields an average distance between Ti3+ sites of ~ 4 nm, whereas Ti–Ti distances in TiO2 rutile or 
anatase crystals are 0.30 – 0.46 nm.90-91 
Frequency-Dependent Conductivity  
 The AC conductivity of Ni|a-TiO2|p+-Si devices was constant (3.0 ´ 10-6 S cm-1) for 
frequencies ≤ 105 Hz, and increased rapidly for frequencies above 106 Hz.  For charge transport 
within the conduction band or valence band of a semiconductor, the AC conductivity can be 
described by the Drude model,44, 92-93 
 𝜎 𝜔 = 𝜎>1 + 𝜔<𝜏< (7) 
where 𝜎> is the DC conductivity, w is the AC radial frequency, andt is the relaxation time.  This 
model predicts a decrease in conductivity with increases in AC frequency, and hence is not 
consistent with the behavior reported herein. 
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For charge transport via hopping, isolated hopping sites do not contribute to the DC 
conductivity. However, as the frequency increases, these isolated hopping sites increasingly 
contribute to the AC conductivity.  The frequency dependence of the conductivity in a wide 
variety of disordered materials obeys a power law,94-97 and can be written as: 
 𝜎 𝜔 = 𝐴𝜔N + 𝜎IJ  (8) 
where A is a constant, 𝜔 is the angular frequency, s is the exponent of the angular frequency, and 
sDC is the DC conductivity.40  The data reported herein are consistent with this model, and a fit 
of the data to eq 8 yielded A = 9.94 ´ 10-17   S m-1 s1.95, and s = 1.95 (Figure 3).   
Potential-Dependent Conductivity  
The potential-dependent conductivity measured by the EC-FET experiments showed only 
a 1% decrease in conductivity as the potential of the gate was moved positively toward the 
valence band of the TiO2.  If conduction across the a-TiO2 relied upon electrons tunneling into 
the TiO2 conduction band through a shallow space-charge region at the interface, then the EC-
FET experiments would be expected to exhibit a strong dependence of the conductivity on the 
gate voltage.  Specifically, a sharp decrease in conductivity would be observed at potentials 
positive of the conduction band of the a-TiO2.  The results are thus not consistent with 
conduction via tunneling of electrons into the conduction band of a-TiO2.  
The TiO2 conductivity at positive potentials is sufficient to support faradaic current 
densities in the range of 10 mA cm-2 without substantially affecting the OER overpotential. As 
illustrated in Figure S6, for a-TiO2 conductivities of ~ 10-5 S cm, the potential drop across the 
p+-Si|a-TiO2|Ni interface is smaller than the potential drop at the a-TiO2|Ni|electrolyte interface. 
The simulation also shows that decreasing conductivity will affect the transport properties across 
the protecting layer, thus increasing the OER overpotential. 
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C. Conduction across a-TiO2 Interfaces with Varied Metal Contacts 
Contacts between a-TiO2 and Ti (f = 4.3 ± 0.2 eV) or Mg (f = 3.7 ± 0.2 eV), which have 
smaller work functions than that of a-TiO2 (f = 4.7 eV) and have mutually similar VFB values, 
exhibited mutually similar J-V characteristics (Figure 1).  Contacts between a-TiO2 and Au (f = 
5.1 ± 0.30 eV), Pd (f = 5.3 ± 0.2 eV), Ir (f = 5.3 ± 0.2 eV), or Pt (f = 5.6 ± 0.07 eV), which have 
work functions greater than that of the a-TiO2, passed ≤ 10 % of the current densities of devices 
that have low-work-function top contacts. The contact between a-TiO2 and Ni (f = 5.1 ± 0.4 eV) 
was a notable exception, exhibiting J-V characteristics similar to those with low-work-function 
metals but with a work function similar to the aforementioned high-work-function contacts. 
Contacts to low-work-function metals moreover showed less resistance than contacts to high-
work-function metals.   
Some differences in the J-V behavior among the devices with high-work-function 
contacts were evident; specifically, at biases < 100 mV, devices with Pd contacts passed only ~ 
10% of the current passed by devices with Au contacts. In decreasing order, devices with Au, Ir, 
Pt, Pd top contacts exhibited a reduction in current that matched (except for Pd) the order in 
which the work functions of the metal contacts increase (Au, Pd, Ir, Pt).  
The work functions for the various clean metals were measured by UPS under high- 
vacuum conditions, whereas the conduction was measured for the e-beam deposited metal in 
contact with the TiO2 substrate.  Polycrystalline metals have multiple crystal faces exposed, so 
the measurements give an average over the various crystal faces.  The averaging is expected to 
be different depending on the phenomena measured.  Also, the fraction of each exposed face 
may not be the same for the clean metal compared to that of the metal sputtered onto a TiO2 
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surface. Thus, only a rough correlation is expected between the work functions measured by UPS 
and the measured J-V behavior. 
Space-charge limited current spectroscopy was used to determine the mobility and the 
trap density in the TDMAT a-TiO2 films. The trap density and mobility were found for Au, Ir, Pt 
and Pd as well as Ir, Pt and Pd, respectively. As can be seen in Figure 2b and Table S2, the trap 
density and mobility were found to be 1 ´ 1019 cm-3 and 6.5 ± 3 ´ 10-4 cm2 V-1 s-1, respectively, 
and essentially independent of the top contact. The mobility value was used assumed to be 
independent of the top contact’s work function and was thus used to determine the effective 
carrier concentration for all of the top contacts. The effective carrier concentration found using 
this mobility value is in agreement with the carrier concentration observed when measuring the 
carrier concentration by the Hall effect with In contacts (Figure 2c). In addition, the mobility 
measured is in agreement with the predicted mobility found by DFT+U methods of 2 ´ 10-4 cm2 
V-1 s-1 by Pham et al.47 
Devices with a top contact less than ~ 5.2 eV showed to have the (effective) free-carrier 
concentration of the device to be independent of the work function.  Greater than the ~ 5.2 eV 
the devices’ (effective) free-carrier concentration decreases by 101 - 102 cm-3 and is dependent on 
the work function. The former devices with contacts to metals that have work functions less than 
the work function of a-TiO2 had the (effective) free-carrier concentrations on the order of 1016 
cm-3. Conversely, the effective free-carrier concentrations in the a-TiO2 for devices with contacts 
greater than the work function of a-TiO2 were ~ 1014 - 1015 cm-3, again with the exception of Ni, 
which showed free-carrier concentrations similar to those measured for contacts with the low-
work-function metals.  
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The dependence on the work function can consistently be ascribed to band-bending in the 
TiO2 induced by the respective top contact. Metals with a work function greater than the Fermi-
level of the a-TiO2 bend the defect band away from the Fermi level, which will not change the 
occupancy of the defect band. Conversely, metals with a work function less than the Fermi-level 
of the a-TiO2 will cause the defect band to bend towards, and even above the Fermi-level. With 
states above the Fermi-level, mobile charge-carriers (electrons) will empty these states, thus 
converting Ti3+ into Ti4+. 
These free-carrier concentrations are an effective average for the a-TiO2, because the 
depletion width can extend through roughly half the thickness of the film.  The conductivity of 
the a-TiO2 correlates with the Ti3+ concentration in the a-TiO2 films, so any local change to the 
Ti3+ concentration will affect the conductivity of the a-TiO2 
Conduction through the defect band can occur by hoping between sites (e.g. Ti4+/Ti3+).  If 
defect sites exist above the Fermi level of the system, then those sites would have fewer free 
electrons that can hop between sites, and hence conduction is expected to be less favorable in 
that part of the band. 
The J-V behavior of the films with different metal contacts is consistent with an 
equilibration process between the a-TiO2 and the metal contact in conjunction with Fermi level 
pinning in the TiO2.  During equilibration, low-work-function metals (e.g. Mg, Ti) contacts inject 
electrons into the a-TiO2, whereas high-work-function contacts extract electrons from the a-
TiO2. In this process, most of the electrons would be expected to come from, or enter, the near-
surface states of the TiO2 defect band that are responsible for the Fermi level pinning, thus the 
number of Ti3+ sites close to the surface remain the same or decrease.  
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The very low work functions of Mg and Ti suggest that the TiO2 is forced into 
accumulation, primarily producing charge mostly on or near the surface, as opposed to 
substantial band bending. The Ti3+ defect sites would thus be available for conduction through 
the TiO2.  Alternatively, the noble metals, with high work functions, are expected to remove 
electrons from the near-surface states, and thus reduce the numbers of Ti3+ sites close to the 
surface.16, 42  This process would produce bending of the defect band and Ti3+ sites at higher 
energy than the Fermi level would be lost, thus decreasing conduction through that part of the 
band.  The near-surface states would be more affected, resulting in relatively few Ti3+ sites on 
the surface and thus forming a barrier to conduction between the TiO2 and the metal.   
Attempts have been made to observe the ‘draining’ of the defect band by both EPR and 
valence-band spectra. The density of states for any deposited metal would overlap and quickly 
overpower the Ti3+ signal for the valence band spectra, even for <1 nm of deposited metal. The 
analogous experiment for EPR was attempted using <10 nm of deposited metal. However, the 
small amount of metal was so strongly absorbing of the incoming microwaves that the 
instrument could not be tuned to collect the spectrum.  
This simple band-bending picture does not fully explain the observations regarding 
changes in the measured a-TiO2 film conductivity with different metal contacts.  The work 
function of Ni (5.1 ± 0.4 eV) is greater than that of a-TiO2 (4.7 eV) and closer to that of Au (5.1 
± 0.3 eV) than to Ti or Mg (≤ 4.3 eV).  Furthermore, the data support a wide dispersion in 
energy (~ 0.8 eV) for the defect band associated with Ti3+ states, which would allow a substantial 
density of defect states to remain below the a-TiO2 Fermi level, for all high-work-function 
contacts examined herein. However, after subtraction of a Shirley-type background, the defect 
band peak was fitted with a Gauss-Lorentz peak profile with a 40% Gaussian contribution and 
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60% Lorentzian contribution. The obtained peak broadening of ~ 0.8 eV can thus be split into the 
0.32 eV instrumental broadening (Gaussian) and 0.48 eV intrinsic lifetime broadening 
(Lorentzian). 
Differences in chemical reactivity might also contribute to the observed differences in 
behavior of the metal contacts; specifically, noble metals (Au, Ir, Pt, and Pd) showed lower 
conduction across interfaces with a-TiO2 than non-noble metals (Mg, In, Ti, Ni).  Thus, the 
contact interface between the metal and the TiO2 may also play a role in providing low resistance 
contacts.  Ir, an active catalyst of the oxygen-evolution reaction in acidic electrolytes, does not 
form a highly conductive contact to a-TiO2; however, deposition of an acid-stable metal (Ti) that 
does form a highly conductive contact to a-TiO2 prior to deposition of the Ir catalyst allowed 
beneficial integration of the Ir catalyst with the a-TiO2 coating, yielding photoanodes that exhibit 
high fill factors for water oxidation in 1.0 M H2SO4(aq).  
In the expected behavior of Ni when comparing its work function to the work function of 
the a-TiO2, it has been shown that the interface is not the source of the discrepancy. The 
Si|TiO2|Ni|electrolyte interface has been probed via ambient pressure XPS.17, 48 It has been 
shown that for ultra-thin layers of Ni (< 1 nm) no conduction was observed in Fe(CN)63-/4-(aq) 
and 1.0 M KOH(aq). The conductivity and OER performance was observed and greatly 
increased for dNi > 1nm. For thin Ni layers under oxidative conditions, only oxidized Ni phases 
are expected (NiOx, NiOOH is the catalyst phase, and under the OER conditions at pH 14 no 
metallic Ni can exist). However, small amounts of metallic Ni phases for dNi > 0.6 nm were 
observed (using AP-XPS under potential control in 1.0 M KOH(aq)) which increased in intensity 
for increased deposition of Ni. This behavior led to the proposed picture of a TiO2|Ni|NiOx 
structure under OER, analogous to the structure of a TiO2|Ti interface.48 Separate ex-situ UHV 
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measurements using different excitation energies and varying the electron emission angle 
confirmed the presence of a metallic Ni phase below the surface. In addition, cross-sectional 
TEM and SEM images of the TiO2|Ni interface region further support the presence of metallic Ni 
at the interface of the TDMAT a-TiO2.4, 18 
The reason for Ni’s divergence from the expected behavior is attributed to its work 
function. The work function of Ni although is more positive of the a-TiO2, it is not sufficiently 
positive enough to cause a significant reduction of Ti3+ concentration at the interface but rather a 
slight reduction of the concentration at the interface due to the broad width of the Ti3+ defect 
band.  
 
V. Conclusions 
a-TiO2 films deposited via ALD contained a broad (~ 0.8 eV) defect band between the 
TiO2 Fermi level and TiO2 valence band.  For ALD TiO2 films deposited under varied conditions 
and using varied precursors, the size of the defect band correlated with both the bulk 
conductivity of the a-TiO2 films, and the Ti3+ concentration observed via EPR spectroscopy.  In 
combination with a variety of solid-state measurements, including temperature-dependent 
conductivity, the data show that conduction through the bulk TiO2 films is consistent with 
hopping mechanism between Ti3+ and adjacent Ti4+ sites as opposed to conduction via the 
conduction or valence bands.  The wide defect band associated with Ti3+ sites spans an energy 
level comparable to the valence bands of light-absorbing semiconductors such as Si. Thus, 
allowing anodic conduction across that would otherwise present a ~ 2 eV barrier to anodic 
conduction. 
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The conduction across interfaces between metal contacts and a-TiO2 films depended on 
the metal.  For the metals examined, interfaces with metals having work functions less than a-
TiO2 generally provided higher conductivities than interfaces with metals having work functions 
greater than a-TiO2.  These observations are mostly consistent with a Ti3+/4+ conduction that 
makes use of defect sites close to the surface both to reduce the band bending in the bulk of the 
TiO2 and to provide either an insulating or conducting interface between the TiO2 and the metal. 
Thus, for metals with low work function, a low resistance path is provided by Ti3+ sites, whereas 
for high work-function metals, the Ti3+ sites are depleted and the resistance consequently 
increases.  Ni, while having a relatively high work function, acts like a low work function metal 
and thus constitutes a notable exception. Properties of the metal contact other than the work 
function may thus contribute to the different conductivities of interfaces with a-TiO2.  The 
observations provide guidance for a synergistic choice for contacts to a-TiO2 films, showing that 
improved performance can be obtained for sunlight-driven water-oxidation using an n-Si|a-TiO2 
photoanode integrated with an Ir catalyst when a Ti interconnect is inserted between the a-TiO2 
and Ir catalyst relative to the situation in which the Ir catalyst is deposited directly onto the a-
TiO2.    
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